Introduction {#S0001}
============

Doxorubicin (DOX), an anthracycline antibiotic, has been the most widely used effective anticancer agent for the treatment of various human cancers, including both haematologic malignancies and solid tumours, for 50 years.[@CIT0001],[@CIT0002] Nevertheless, the clinical utility of DOX is limited due to its marked cardiotoxicity.[@CIT0003],[@CIT0004] DOX-induced cardiotoxicity mainly involves myocardial enzyme abnormalities, cardiomyocyte damage, and apoptotic and necrotic cell death.[@CIT0005] The molecular mechanisms through which DOX induces cardiotoxicity remain ambiguous. However, the major cellular processes involved include oxidative stress, the inflammatory response, mitochondrial dysfunction, calcium dysregulation, autophagy, and cell death.[@CIT0006]--[@CIT0008] Oxidative stress is one of the major effects of DOX-induced cardiotoxicity, and reactive oxygen species (ROS) play crucial roles in this process. Some studies have shown that inhibition of oxidative stress can prevent DOX-induced cardiotoxicity.[@CIT0009],[@CIT0010] Currently, increasing research is being conducted on prophylactic and treatment measures for DOX-induced cardiotoxicity.[@CIT0011]--[@CIT0014]

Traditional Chinese medicines are widely used as adjuvants in the treatment of cancer because they often exert synergistic effects and reduce adverse reactions to chemotherapy agents.[@CIT0015]--[@CIT0017] Liquiritigenin (Lq) ([Figure 1](#F0001){ref-type="fig"}) is a type of flavonoid derived from *Glycyrrhiza glabra* (GG). GG has been widely used in Chinese herbal medicine for thousands of years. In previous studies, Lq has been reported to exert various biochemical effects, including oxidative stress inhibition and anti-inflammatory, anti-allergic, anti-hyperlipidaemic, hepatoprotective, and proapoptotic effects.[@CIT0018]--[@CIT0021] Lq shows the stronger radical scavenging capacity than isobavachin and was in the same range as apigenin in the DPPH assay.[@CIT0022] Lq has been shown to inhibit the growth of human cervical carcinoma (HeLa) cells and to induce apoptosis in human hepatoma SMMC-7721 cells.[@CIT0023],[@CIT0024] Lq also has cytoprotective effects against heavy metal-induced toxicity in cultured cells.[@CIT0025] Additionally, treatment with Lq improves high fructose feeding-induced cardiac injury by inhibiting the progression of fibrosis and the inflammatory response through mediation of the NF-κB signalling pathway.[@CIT0026] Therefore, in this study, the protective effects of Lq for the prevention and treatment of DOX-induced cardiotoxicity and the underlying mechanisms of these effects were evaluated. Notably, application of Lq has been limited by its low aqueous and lipid solubility.[@CIT0027] which markedly reduce the efficacy of Lq. Therefore, it is necessary to develop a novel drug delivery system to improve the bioavailability and efficacy of Lq.Figure 1Chemical structure of liquiritigenin.

Oral delivery systems are better than intravenous systems because oral delivery does not confer risks of venous irritation. Submicron emulsions, also referred to as lipid emulsions or lipid microspheres, can reduce drug hydrolysis and improve drug bioavailability and efficacy.[@CIT0028] Recently, increasing attention has been paid to addressing the difficulties associated with the undesirable oral bioavailability of drugs with poor water solubility through the use of submicron emulsions.[@CIT0029]--[@CIT0032] Furthermore, submicron emulsions are suitable for industrial production due to their high drug loading capacity, ease of preparation and low cost.

In this study, we developed a drug-loaded submicron emulsion-based oral drug delivery system by high-pressure homogenization. A preparation process suitable for industrial-scale production was optimized. The formulation, liquiritigenin-loaded submicron emulsion (Lq-SE), was screened using a single-factor test in terms of particle size distribution, polydispersity index (PDI), zeta potential, pH value, contents, and entrapment efficiency (EE) and optimized by central composite design response surface methodology (CCD-RSM). Moreover, the gastrointestinal absorption characteristics and bioavailability of Lq-SE were investigated in rats. The protective effects of Lq-SE against DOX-induced cardiotoxicity were evaluated in nude mice, and the underlying mechanisms were also elucidated by investigating the involvement of modulation of the NADPH oxidase/ROS system, inhibition of MAPK kinase and NF-κB activation, and reductions in DOX-mediated apoptosis. The findings will provide evidence for further clinical studies on DOX-induced cardiotoxicity and describe a novel drug delivery system for poorly water-soluble drugs.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

The following materials were purchased or obtained from the sources in parentheses: Lq (Nanjing Shizhou Biotechnology Co., Ltd., Nanjing, China); egg lecithin (Lipoid E80) and medium-chain triglycerides (MCTs) (Lipoid KG, Ludwigshafen, Germany); soybean lecithin (EPIKURON 170, Degussa Food Ingredients, Germany); soybean oil (Zhejiang Tianyushan Medicinal Oil Co., Ltd., LongYou, China); poloxamer 188 (Pluronic F68^®^) (BASF AG, Ludwigshafen, Germany); glycerol (Shantou Jiahe Biotechnology Co., Ltd., Shantou, China); oleic acid (Xi'an Libang Pharmaceutical Co., Ltd., Xi'an, China); creatine kinase (CK), creatine kinase isoenzymes (CK-MB), brain natriuretic peptide (BNP), atrial natriuretic peptide (ANP) and cardiac troponin-T (cTnT) kits (Nanjing Jiancheng Saihao Technology Co., Ltd.); interleukin-1β (IL-1β), interleukin 6 (IL-6), tumour necrosis factor-α (TNF-α), superoxide dismutase (SOD), and malondialdehyde (MDA) kits (Jiangsu Kaiji Biotechnology Co., Ltd., China); and ROS and glutathione (GSH) kits (Nanjing Jiancheng Bioengineering Institute). All chemicals and reagents used were of analytical or chromatographic grade. The animals used in this study were obtained from the Qinglong Mountain Animal Breeding Farm.

Preparation of Lq-SE {#S0002-S2002}
--------------------

Lq-SE was prepared using high-pressure homogenization. Brieﬂy, Lq, soybean lecithin and oleic acid were dispersed in a mixture of soybean oil and MCTs heated at 70°C to obtain a uniform aqueous phase. In addition, F68 and glycerol were dissolved in purified water maintained at 70°C to obtain the aqueous phase. Then, the oil phase was slowly injected into the aqueous phase under high-speed shear mixing at 15,000 rpm, and each sample was mixed for 3 min to obtain a coarse emulsion. The final emulsion was prepared by passing the coarse emulsion through a high-pressure homogenizer under a pressure of 1000 bar for 10 cycles. The pH value of the emulsion was adjusted to 5.0--6.0.

Optimization of the Homogenization Process {#S0002-S2003}
------------------------------------------

Homogenization factors such as the emulsifying temperature, homogenization pressure and cycle frequency were evaluated by a single-factor test using the mean particle size and size distribution as indicators. The emulsifying temperatures were set to 50, 60, and 70°C. The pressure was set from 500 to 100 bar, and the cycle frequency was 4∼14. Finally, Lq-SE was prepared under optimal homogenization conditions to conduct the following property studies.

Optimization of the Preparative Formulation {#S0002-S2004}
-------------------------------------------

First, in this study, the essential components in the formulation, including lecithin, the oil phase, and oleic acid, were investigated along with the pH value using a single-factor test under the same preparative conditions. Subsequently, CCD-RSM was used to optimize the formulation factors. The effects of oil phase content (soybean oil and MCTs, X~1~), emulsifier content (soy lecithin, X~2~), and co-emulsifier content (F68, X~3~) on the response variable (the average particle size, Y) were investigated. From preliminary studies, the following ranges of formulation factor values were considered: oil phase content (X~1~), 10--30%; emulsifier content (X~2~), 0.6--1.8%; and co-emulsifier content (X~3~) of 0.1--0.6%. The experimental ranges and levels of factors are listed in [Table 1](#T0001){ref-type="table"}. A total of 20 experiments were performed under the same conditions. The respective values and second-order polynomial equations were given by Design Expert 8.0.Table 1Central Composite Design for the Study of Three Independent Variables with the Experimental ResultsNumberCoded Value of the Independent VariableActual Value of the Independent VariableResponse Value (Y)X~1~X~2~X~3~Oil Phase Content (%, w/v)Emulsifier Content (%, w/v)Co-Emulsifier Content (%, w/v)Particle Size (nm)1−1−1−114.050.840.20224.521−1−125.950.840.20186.93−11−114.051.560.20283.3411−125.951.560.20256.05−1−1114.050.840.50181.961−1125.950.840.50166.57−11114.051.560.50243.0811125.951.560.50220.59−1.680.000.0010.001.200.35161.1101.680.000.0030.001.200.35244.1110.00−1.680.0020.000.600.35214.1120.001.680.0020.001.800.35188.9130.000.00−1.6820.001.200.10236.1140.000.001.6820.001.200.60282.6150.000.000.0020.001.200.35221.7160.000.000.0020.001.200.35221.1170.000.000.0020.001.200.35224.4180.000.000.0020.001.200.35220.2190.000.000.0020.001.200.35223.1200.000.000.0020.001.200.35219.5

Characterization of Submicron Emulsion {#S0002-S2005}
--------------------------------------

### Measurement of the Particle Size Distribution and Zeta Potential of Lq-SE {#S0002-S2005-S3001}

The particle size distribution, PDI and zeta potential of Lq-SE were measured using a Zetasizer Nano ZS90 (Malvern Instruments Corp., UK). Each sample was diluted with ultrapure water (1:5000 *v/v*) immediately at 25°C.

### Content and EE of Lq-SE {#S0002-S2005-S3002}

The drug content of the submicron emulsion was determined by HPLC analysis. A total of 0.1 mL of emulsion (1 mg/mL) was collected and diluted to 50 mL with dehydrated alcohol to obtain the test sample. The samples were measured in a Tigerkin C8T column (4.6 mm × 250 mm, 5 μm) at 30°C with a 10 μL injection volume. The mobile phase consisted of acetonitrile-water (40:60, *v/v*) pumped at a ﬂow rate of 1.0 mL/min. The eluent was monitored at 274 nm.

The EE of Lq-SE, defined as the percentage of drug in the oil phase and interfacial film (which accounts for the total amount of drug in the emulsion) was calculated according to the following equation ([Equation (1](#M0001))): $$\documentclass[12pt]{minimal}
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A 2 mL sample of Lq-SE was collected and ultracentrifuged at 40,000 rpm for 15 min to separate the oil phase and aqueous phase. The lower aqueous phase was extracted to measure the content of Lq by HPLC.[@CIT0033]

Pharmacokinetic Study {#S0002-S2006}
---------------------

### Animal Experiment {#S0002-S2006-S3001}

Female Sprague-Dawley rats weighing 200±20 g were obtained from the Qinglong Mountain Animal Breeding Farm. The animal experiments were performed according to the requirements in the Guide for the Humane Use and Care of Laboratory Animals were approved by the Animals Ethics Committee of the Nanjing University of Chinese Medicine. The approved protocol was "Scientific Protocol (2007) Number 16 of Nanjing University of Chinese Medicine". The healthy rats were randomly divided into two groups of 6 rats each. Before starting the study, both groups were fasted overnight for 12 h with free access to water. One group was orally administered Lq-SE at a dose of 20 mg/kg, and the other group was administered Lq suspended in water. At each predetermined time point (3, 5, 10, 15, 30, 60, 120, 240, 360, 480, and 600 min), blood samples were collected and centrifuged at 1500 rpm for 5 min to separate serum.

### LC-MS Quantification of Plasma Samples {#S0002-S2006-S3002}

Separate serum (100 μL) and internal standard solution (10 μL) aliquots were placed into 1.5 mL centrifuge tubes and vortexed for 30 s. Each sample was added to 500 μL of acetonitrile, and the protein was precipitated by vortexing for 3 min and centrifugation at 12,000 rpm for 5 min. The supernatant was transferred to another centrifuge tube and centrifuged again (12,000 rpm) for 5 min. The supernatant (2 µL) was injected into the LC-MS system for analysis.

The mobile phase was composed of water and acetonitrile (A was water, and B was acetonitrile). The gradient elution was as follows: 0--1.0 min, 5--50% B; 1.0--3.0 min, 50--90% B; 3.0--4.0 min, 90% B; 4.0--5.0 min, 90--5% B; and 5.0--5.5 min, 5% B. The column flow rate was 0.3 mL/min with a 2 μL injection volume. The column temperature was 35°C.

The parameters were as follows: ion source, electrospray ionization (ESI); curtain gas flow (CUR), 35; temperature (TEM), 500; ion spray voltage (IS), 5500; gas 1, 35; gas 2, 35; declustering potential (DP), −60.73; collision energy (CE), −33.03; entrance potential (EP), −12.87; and collision exit potential (CXP), −12.96. The ion pairs used for the analysis were m/z 255.0→119.0 (Lq) and m/z 269.0→117.0 (apigenin).

Animal Groups and Treatment {#S0002-S2007}
---------------------------

Male C57BL/6 mice (6--8 weeks old) were obtained from the Qinglong Mountain Animal Breeding Farm. The animal experiments were performed according to the requirements in the Guide for the Humane Use and Care of Laboratory Animals and were approved by the Animals Ethics Committee of the University. The mice were randomly divided into the following five groups: the control group (n = 8), the model group (n = 8), and Lq-SE treatment groups administered low, medium, and high doses (10, 20, and 40 mg/kg, respectively) (n = 24). The treatment groups were pre-treated with Lq-SE (10, 20, or 40 mg/kg^−1^) via intragastric administration once per day for 7 consecutive days. The control and model groups received saline instead of Lq-SE. The mice in the model and treatment groups were intraperitoneally administered 15 mg/kg DOX, and the mice in the control group were injected with the same volumes of physiological saline. Then, the mice in the treatment groups were given Lq-SE for 5 consecutive days after the model was established. At the end of the experiment, the mice were sacrificed by exsanguination 1 h after the beginning of Lq-SE or saline administration. Serum samples and heart tissues were collected for biochemical analysis, pathological staining, and Western blot assays.

Biochemical Analysis {#S0002-S2008}
--------------------

At the end of the experiments, blood samples were collected, and serum was obtained by centrifugation. CK, CK-MB, ANP, BNP and cTnT are important serum-specific markers used to assess cardiac dysfunction. The activity of these molecules and of SOD, GSH and MDA was measured using applicable ELISA kits according to the manufacturer's instructions. TNF-α, IL-6 and IL 1β in serum were also examined with corresponding detection kits according to the manufacturer's instructions.

ROS Measurements {#S0002-S2009}
----------------

ROS measurement was carried out using freshly dissected heart tissues. Samples (50 mg of protein) were incubated with 10 mL of DCF-DA (10 mM) for 2 h at 37°C. The levels of production of intracellular ROS, including superoxide anions (O^2˙−^), hydroxyl radicals (·OH), hydrogen peroxide (H~2~O~2~), and peroxides, were determined using a total ROS detection kit according to the manufacturer's instructions. The fluorescence of the produced intracellular ROS was ultimately measured using a microplate reader (MD SpectraMax M3, USA) with an emission wavelength of 525 nm and an excitation wavelength of 500 nm. The change in fluorescence was detected as an arbitrary unit.

Histopathologic Assay {#S0002-S2010}
---------------------

Heart tissues were fixed in 10% formalin and embedded in paraffin for 24 h, and then the sections (4 μm thick) were stained with haematoxylin-eosin (H&E) solution at room temperature (0.5% haematoxylin for 5 min and 0.1% eosin for 1 min). Finally, images of the stained sections were obtained using a light microscope (Olympus BX41, Japan).

Western Blot Analysis {#S0002-S2011}
---------------------

Heart samples were homogenized in lysis buffer to yield a homogenate. Then, final supernatants from the hearts were obtained by centrifugation at 12,000 rpm for 10 min at 4°C. The protein concentrations were determined using a BCA protein assay kit (Jiangsu Kaiji Biotechnology Co., Ltd.,) with bovine serum albumin as a standard. Equal amounts of total protein were subjected to 10--12% sodium dodecyl sulfate--polyacrylamide electrophoresis (SDS-PAGE) (Jiangsu Kaiji Biotechnology Co., Ltd., China) and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% skim milk in TBS-T for 1 h at room temperature and then probed with primary antibodies at 4°C with gentle shaking overnight. The protein bands were observed using enhanced chemiluminescence (ECL) and imaged using a G:BOX ChemiXR5 imaging system. The expression level of each protein was defined as the grey value using Gel-Pro32 software. NOX2 (1:5000), NF-κB p65 (1:1000), NF-κB p65 (phospho-S536, 1:2000), IκBα (1:5000), and IIκBα (phospho-S36, 1:10,000) antibodies were purchased from Abcam (USA). GAPDH (1:10,000) and Enos (1:500) antibodies were purchased from Jiangsu Kaiji Biotechnology Co., Ltd. (China). JNK (1:1000), p-JNK (1:1000), ERK1/2 (1:1000), and p-ERK1/2 (1:1000) antibodies were purchased Cell Signaling Technology (USA). NOX4 (1:200), p38 (1:200), and p-p38 (1:200) antibodies were purchased from Beijing Bioss Biotechnology Co., Ltd. (China). Bax and Bcl (1:200) antibodies were purchased from Santa Cruz Biotechnology (USA). Caspase-3 (1:500) antibodies were purchased from Proteintech Group (USA).

Statistical Analysis {#S0002-S2012}
--------------------

All data are expressed as the mean ± standard deviation (SD). Statistical analysis was performed using ANOVA with a statistical significance threshold of P \< 0.05. Calculations were made using GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA).

Results {#S0003}
=======

Optimization of the Homogenization Process {#S0003-S2001}
------------------------------------------

The homogenization process can affect the quality of Lq-SE during manufacturing. Homogenization pressure, temperature, and frequency are important parameters that control the size distribution and stability of the emulsion. As shown in [Figure 2A](#F0002){ref-type="fig"}, increasing the preparation temperature of the coarse emulsion decreased the particle size of Lq-SE, which exhibited particle diameters of 200 to 220 nm at 70°C. Additionally, the formed droplets were smaller in diameter at a pressure of 1000 bar and a homogenization frequency of 10 than at other pressures or frequencies ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). Finally, we chose the homogenization preparation conditions of 70°C, 1000 bar, and a 10× homogenization frequency for use in further studies.Figure 2Investigation of the homogenization process with different (**A**) temperatures, (**B**) pressures, and (**C**) frequencies.

Optimization of the Lq-SE Formulation {#S0003-S2002}
-------------------------------------

The formulation of Lq-SE was screened using a single-factor test. Studies investigating both the thermal sterilization stability and storage stability at 40°C were carried out, and the particle size distribution, pH value, contents, and EE were evaluated. The lecithin and oil phases are essential components in the formulation and significantly influence the properties and stability of emulsions.[@CIT0034] The use of different types of lecithin in the formulation was investigated. The results are shown in [Figure 3A](#F0003){ref-type="fig"}. Compared with those of CS-80- and E-80-containing formulations, the particle sizes of PL-100M-containing formulations remained unchanged, maintaining stable quality at 40°C for 2 weeks. Therefore, PL-100M was selected as the optimal emulsifier for the formulations. As shown in [Figure 3B](#F0003){ref-type="fig"}, because of the low viscosity of MCT, the oil phase reduces the size of the emulsion by increasing the proportion of MCT. Besides, the increase of MCT leads to the difficulty of emulsification and the decrease of EE. The mixture of soybean oil-MCT (1:2, w/w) was selected as the optimized oil phase with favorable EE and lower particle size. [Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"} shows that 0.05% oleic acid (w/v) and a pH value of 5.5 conferred good stability to Lq-SE at 40°C for 2 weeks. Therefore, PL-100M, a soybean oil/MCT mixture (1:2, w/w), 0.05% oleic acid (w/v) and a pH value of 5.5 were employed in this study.Figure 3Optimization of the following components of the formulation by single-factor tests: (**A**) The lecithin used, (**B**) The soybean oil:MCT ratio, (**C**) The oleic acid concentration, and (**D**) The pH value.

CCD-RSM is a useful statistical tool to optimize important factors among several variables in a medium. The Lq-SE formulation consists of an oil phase, an emulsifier, and a co-emulsifier. In the present study, 20 experimental replicates were conducted between the response variable (Y) and the three independent variables (X~1~, X~2~, X~3~), as shown in [Table 1](#T0001){ref-type="table"}. The particle size (Y) acted as a dependent variable in the responses of experimental factors involving the contents of the oil phase (X~1~), soy lecithin (X~2~), and F68 (X~3~) (independent variables). Multiple non-linear regression analysis and estimation of coefficients were performed with software. The following polynomial equation ([Equation (2](#M0002))) with a correlation coefficient of 0.9972 was generated: $$\documentclass[12pt]{minimal}
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To obtain a better understanding of the effects of the three formulation factors and their interactions on the particle size, 3-dimensional (3D) response surface plots were made between the dependent and independent variables with Expert 8.0.6 software, as shown in [Figure 4](#F0004){ref-type="fig"}. These graphs show the effects of the soybean oil/MCT mixture (1:2, w/w) (X~1~), soybean lecithin content (X~2~) and F68 content (X~3~) on particle size (Y) when the third independent variable was centrally located. When the soybean oil/MCT mixture (1:2, *w/w*) was at the centre level, the minimum particle size was achieved with a maximum level of soybean lecithin and a minimum level of F68. The optimal levels of the experimental factors in Lq-SE that yielded a desirable particle size were 20.0% (*w/v*) soybean oil/MCT (1:2, *w/w*) mixture, 1.2% (*w/v*) soybean lecithin and 0.3% (*w/v*) F68. Under these optimal factors, the particle size in our formulation was 221.7 nm.Figure 4Response surface plot showing the influence of the oil phase (X~1~), emulsifier (X~2~), and poloxamer 188 (X~3~) on particle size (Y).

Characterization of Lq-SE {#S0003-S2003}
-------------------------

[Figure 5A](#F0005){ref-type="fig"} is a schematic illustration of Lq-SE droplets. The particle size distribution, PDI and zeta potential of Lq-SE were analysed by a laser light scanning instrument. The mean particle size of Lq-SE droplets was 221.7±5.80 nm with a narrow distribution, and Lq-SE had a small PDI of 0.106 ± 0.068 ([Figure 5B](#F0005){ref-type="fig"}). The zeta potential of Lq-SE was determined to be −28.23 ± 0.42 mV, which was closely correlated with the stability of Lq-SE.Figure 5(**A**) Schematic illustration of Lq-SE droplets. (**B**) Particle size distribution spectrum for Lq-SE.

Pharmacokinetic Study {#S0003-S2004}
---------------------

The pharmacokinetic experiment compared the relative bioavailability of Lq and Lq-SE in rats after oral administration. The mean plasma concentration-time profiles of Lq and Lq-SE are presented in [Figure 6](#F0006){ref-type="fig"}. The pharmacokinetic results in rats showed that Lq and Lq-SE were absorbed rapidly in vivo after oral administration. The Lq-SE concentration was significantly higher than the Lq concentration. The plasma peak concentration of Lq-SE was 2831.17 ng/mL, over 13.43-fold that of Lq (210.84 ng/mL). Moreover, the area under the curve (AUC) of Lq-SE was 595% higher than that of Lq. The results showed that the use of the Lq-SE delivery system was an effective approach to promote the absorption and bioavailability of Lq in rats. The main pharmacokinetic parameters were also summarized with DAS 2.0 software. The results are shown in [Table 2](#T0002){ref-type="table"}.Table 2Pharmacokinetic Parameters of Lq and Lq-SE (20 mg/kg, Oral) in Rats (n = 6)ParametersLiquiritigeninLq-SEt~1/2~ (min)12.63 ± 3.858.64 ± 2.52T~max~ (min)17.48 ± 5.244.74 ± 1.33C~max~ (ng/mL)210.84 ±58.572831.17 ± 427.38\*\*AUC~0-t~ (ng/mL×min)8586.91 ± 1758.8551082.00 ± 14281.73\*\*[^2] Figure 6Plasma concentration-time curve in rats after oral administration of Lq and Lq-SE.

Lq-SE Alleviates Myocardial Injury in vivo {#S0003-S2005}
------------------------------------------

Serum biochemical markers of cardiac injuries were assayed, including CK, CK-MB, ANP, BNP, and cTnT. As shown in [Figure 7A](#F0007){ref-type="fig"}, compared with the control groups, the model group had obviously increased serum CK and CK-MB levels (P\<0.01, P\<0.01). However, treatment with Lq-SE (20 or 40 mg/kg) markedly decreased the serum levels of CK and CK-MB (P \< 0.05, P \< 0.01). Moreover, the serum levels of ANP, BNP, and cTnT in the group treated with Lq-SE (40 mg/kg) were significantly lower than those in the model group ([Figure 7B](#F0007){ref-type="fig"}). In addition, histopathological examination of heart tissue showed histological changes in the model group, including obviously disordered myocardial tissue texture, pyknosis and disrupted plasma; these changes were attenuated in the groups treated with the medium and high doses of Lq-SE ([Figure 7C](#F0007){ref-type="fig"}). These results indicate that Lq-SE significantly attenuates the cardiac injury caused by DOX.Figure 7Effects of Lq-SE on DOX-induced changes in serum heart injury biomarkers. (**A**) CK and CK-MB levels in mouse serum. (**B**) ANP, BNP, and cTnT levels. (**C**) H&E staining images showing the effects of Lq-SE on heart tissues in mice (200× magnification). The results are presented as the mean ± SEM for 8 animals in each group. ^\#^P \< 0.05 and ^\#\#^P \< 0.01 versus the control group; \*P \< 0.05 and \*\*P \< 0.01 versus the DOX group.

Lq-SE Alleviates Oxidative Damage in vivo {#S0003-S2006}
-----------------------------------------

Normally, under the action of various oxidative and antioxidant enzymes, ROS are in a dynamic equilibrium state in vivo. After stimulation, excessive ROS levels result in oxidative stress reactions and tissue damage. As shown in [Figure 8](#F0008){ref-type="fig"}, we found that SOD and GSH levels were significantly decreased (P \<0.01) and that ROS and MDA levels were increased (p \<0.01) in the model group compared with the control group. Moreover, the activity of SOD and GSH was significantly increased (P\<0.01) in the medium- and high-dose Lq-SE groups compared with the model group, while the content of ROS and the levels of MDA were significantly decreased (P \< 0.01). Furthermore, the protein expression of NOX2 and NOX4 was significantly inhibited in the high-dose group (P \< 0.01). These results suggest that Lq-SE has a significant antioxidant effect that is related to activation of SOD and GSH and inhibition of NOX2 and NOX4 expression.Figure 8Lq-SE treatment reduces the oxidative stress induced by DOX in mice. (**A**) Effects of Lq-SE on ROS production in heart tissues. (**B**) SOD levels, GSH levels, and MDA levels in serum were determined by ELISA. (**C**) Representative Western blot images of NOX4 and NOX2 protein expression. (**D**) Effects of Lq-SE on NOX2 and NOX4 protein expression in mice. ^\#\#^P\< 0.01 versus the control group; \*P\< 0.05 and \*\*P\< 0.01 versus the DOX group.

Lq-SE Reduces DOX-Induced Inflammation in Cardiac Tissue {#S0003-S2007}
--------------------------------------------------------

DOX can cause oxidative damage and myocardial toxicity, which often induce inflammation in the body and the release of large numbers of inflammatory factors to aggravate tissue damage, resulting in a vicious cycle.

As shown in [Figure 9A](#F0009){ref-type="fig"}, the levels of IL-1β, IL-6 and TNF-α in the plasma were significantly higher in the model group (P\<0.01, P\<0.05, and P\<0.05, respectively) than in the control group. Compared with those in the model group, the levels of IL-6 and TNF-α were significantly decreased in the low- and medium-dose groups (P\<0.01, P\<0.05), and the levels of IL-6, IL-1β and TNF-α were significantly decreased in the medium- and high-dose groups (P\<0.01).Figure 9Lq-SE treatment suppresses cardiac inflammation induced by DOX in mice. (**A**) IL-6 levels, IL-1β levels, and TNF-α levels in hearts were determined by ELISA (n=8). (**B**) Representative Western blot images of p65, p-p65, p-IκBα, and IκBα protein expression. (**C**) The band densities were quantified and normalized to the band density of GAPDH, and the values given are the means ± SDs (n = 3). \# P \< 0.05 and \#\# P \< 0.01 versus the control group; \* P\< 0.05 and \*\* P\< 0.01 versus the DOX group.

In addition, the protein expression levels of p65 and IκBα, components of the NF-κB pathway, were upregulated in the model group. The protein expression of p65 and IκBα was significantly inhibited in the high- and medium-dose Lq-SE groups (P\<0.01 and P \< 0.05, respectively). The results demonstrate that Lq-SE reduces the inflammatory response via NF-κB signalling ([Figure 9B](#F0009){ref-type="fig"} and [C](#F0009){ref-type="fig"}).

Lq-SE Protected Against DOX-Induced Apoptosis {#S0003-S2008}
---------------------------------------------

To further study the myocardial protective mechanism of Lq-SE, we investigated apoptosis of myocardial cells. As shown in [Figure 10](#F0010){ref-type="fig"}, compared with the control condition, DOX treatment significantly decreased the expression of Bcl-2 protein (P\<0.01) and increased the expression of Bax and c-caspase-3 protein (P\<0.05). Compared with the model group, the high-dose Lq-SE group showed increased Bcl-2 protein expression (P\<0.05) and decreased Bax and c-caspase-3 protein expression (P\<0.05).Figure 10(**A**) Representative Western blot images of p-JNK, JNK, p-ERK, ERK, p-p38, and p38 protein expression. (**B**) The band densities were quantified and normalized to the band density of GAPDH. (**C**) Representative Western blot images of Bcl-2, Bax, and c-caspase-3 protein expression. (**D**) The band densities were quantified and normalized to the band density of GAPDH. All values given are the means± SDs (n =3). ^\#^P\< 0.05 and ^\#\#^P\< 0.01 versus the control group; \*P\< 0.05 and \*\*P\< 0.01 versus the DOX group.

In addition, we found that the expression of JNK, ERK, and phosphorylated p38, components of the MAPK pathway, was significantly increased (P \< 0.01) in the model group, whereas the expression of JNK, ERK and p38 protein was inhibited in the low-, middle- and high-dose Lq-SE groups (P \< 0.05, P \< 0.01, and P \< 0.01, respectively) in a dose-dependent manner.

Discussion {#S0004}
==========

More than 40% of compounds have low oral bioavailability due to poor dissolution or poor permeability.[@CIT0035] Upon oral administration, dissolution of a drug molecule is the first step in the absorption process. Submicron emulsions are receiving increasing attention as delivery systems for compounds with low aqueous solubility and lipid solubility. Our results indicate that the Lq-loaded submicron emulsion system significantly increased the bioavailability of Lq, resulting in higher drug plasma concentrations after oral administration than treatment with Lq suspension.

DOX is one of the most effective chemotherapeutic drugs used to treat cancer.[@CIT0036] However, DOX-induced cardiotoxicity remains a major challenge in clinical patients. Thus, it is necessary to find a preventive treatment for DOX-induced cardiotoxicity.[@CIT0037] Previous studies have demonstrated that oxidative stress plays a critical role in the pathogenesis of DOX-induced cardiotoxicity.[@CIT0038],[@CIT0039] The reaction that combines hydrogen and O^2−^ to form H~2~O~2~ can be slowed by some antioxidant enzymes, such as GSH, GSH-Px and SOD.[@CIT0040] Suppression of ROS production can alleviate apoptosis, necrosis, and autophagy associated with DOX-induced cardiotoxicity.[@CIT0041],[@CIT0042] ROS derived from NADPH oxidase are major contributors to the cardiac injury caused by DOX.[@CIT0043] In the present study, pretreatment with Lq-SE significantly decreased ROS and MDA levels, increased SOD and GSH levels and suppressed NOX4 and NOX2 protein expression. Therefore, the present study demonstrates that Lq-SE possesses antioxidative properties and protects against DOX-induced cardiotoxicity by scavenging ROS through inhibition of NOX2 and NOX4 enzyme activity.

The MAPK signalling pathway can be mediated by multiple stress factors involved in cell proliferation, differentiation, and death and is related to protective effects against cardiomyocyte death.[@CIT0044] DOX can induce oxidative stress to activate the MAPK signalling pathway and further activate the phosphorylation of apoptotic proteins, leading to myocardial toxicity in rats.[@CIT0045] In addition, DOX activates the NF-κB signalling pathway by phosphorylating and degrading IκBα protein; NF-κB then enters the nucleus to release inflammatory factors and induce cardiomyocyte apoptosis.[@CIT0046] Previous research has demonstrated that DOX induces inflammatory reactions and stimulates the release of proinflammatory mediators such as TNF-α, IL-1β, and IL-6, which causes pathological alterations during the development of cardiomyopathy.[@CIT0047],[@CIT0048] One study has demonstrated that cardioprotective activity is improved by inhibition of MAPK/NF-κB signalling and subsequent inhibition of inﬂammatory mediators.[@CIT0049] In the present study, we observed that pretreatment with Lq-SE significantly inhibited the production of the proinflammatory cytokines IL-1, IL-6 and TNF-α and suppressed the phosphorylation of the p65 and IκBα proteins. In addition, the phosphorylation levels of the MAPK isoforms (p38, JNK, and ERK) were dramatically decreased after Lq-SE pretreatment. Therefore, the protective effects of Lq-SE against DOX-induced cardiotoxicity are mediated via inhibition of the MAPK/NF-κB signalling pathway.

Increasing evidence has revealed that the apoptosis and autophagy of cardiomyocytes play significant roles in DOX-induced cardiotoxicity.[@CIT0050],[@CIT0051] Apoptosis is modulated by proapoptotic and anti-apoptotic components; among these, Bax is an important proapoptotic protein, while Bcl-2 is anti-apoptotic.[@CIT0052] Research has shown that DOX induces apoptosis by promoting Cytc release from mitochondria and by regulating Bcl-2 and Bax.[@CIT0053] Our data indicate that the protective effects of Lq-SE involve significant reductions in caspase-3 activation and Bax expression and promotion of Bcl-2 expression, which attenuate the apoptosis caused by DOX. These results show the cardioprotective mechanisms of Lq-SE against DOX-induced cardiotoxicity, which include antioxidant, anti-inflammatory, and anti-apoptotic activity. The formulation of submicron emulsion is considered low cytotoxicity as reported in the literature.[@CIT0054],[@CIT0055] Further stability tests and toxicological studies are required for the potential clinical application.

Conclusion {#S0005}
==========

In conclusion, we have developed a novel drug delivery system, Lq-SE, to enhance the bioavailability of Lq. Our results demonstrate that Lq-SE significantly decreases DOX-induced cardiotoxicity in mice. This mechanism by which Lq-SE reduces DOX-induced cardiotoxicity possibly involves modulation of the NADPH oxidase/ROS system, inhibition of the MAPK/NF-κB signalling pathway and reductions in DOX-mediated apoptosis ([Figure 11](#F0011){ref-type="fig"}). Therefore, Lq-SE could potentially exhibit a cardioprotective effect during chemotherapy involving DOX to enable better patient compliance. Further study is needed to elucidate the underlying mechanism of the cardioprotective effect of Lq-SE against DOX-induced cardiotoxicity.Figure 11A working model of the effects of Lq-SE on DOX-induced cardiotoxicity. Lq-SE protects against DOX-induced cardiotoxicity via antioxidant, anti-inflammatory, and anti-apoptotic activity.
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    **Abbreviations:** DOX, doxorubicin; EE, entrapment efficiency; F68, poloxamer188; MCT, medium chain triglyceride; CK, creatine kinase; CK-MB, creatine kinase isoenzyme; BNP, brain natriuretic peptide; ANP, atrial natriuretic peptide; cTnT, cardiac isoform of Tropnin T; ROS, reactive oxygen species; SOD, superoxide dismutase; GSH, glutathione; MDA, malondialdehyde; IL-6, interleukin 6; IL-1β, interleukin 1β; TNF-α, tumor necrosis factor-α; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-κB; IκBα, kappa B-alpha; JNK, c-Jun N-terminal kinase; pJNK, phosphorylated c-Jun N-terminal kinase; ERK, signal-regulated kinase; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; C-caspase 3, cleaved-caspase 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
